The interaction of C 60 with the Au͑111͒ surface has been investigated using synchrotron radiation-based electron spectroscopy. Resonant photoelectron spectroscopy and autoionization spectroscopy have been used to probe the coupling between the molecule and the substrate. Three distinct high energy spectator Auger features were observed that are only evident for a monolayer of C 60 chemisorbed to the Au͑111͒ surface and not a multilayer or the clean surface itself. Combined with C 1s x-ray absorption and valence band spectra, the data suggest a decay process not previously reported for this system. This is a spectator decay channel involving electrons transferred from the gold substrate to the adsorbed molecule, either in the ground state or during the timescale of the core-hole lifetime. Both possibilities are considered in the interpretation of the results, which support, on balance, a ground state charge transfer.
I. INTRODUCTION
C 60 is a fascinating molecule from a nanoscience and molecular-electronics perspective. Since electrons can easily be donated to the fullerene cage from other molecules, atoms, and surfaces, C 60 is an ideal building block for molecular devices. 1 The ease with which electrons can be added to the cage is illustrated by the electronic properties of the alkali metal ͑A͒ fullerides A n C 60 that range from insulating to metallic 2 and even high-temperature superconductivity. 3 The charge transfer properties of fullerenes and their ability to act as electron acceptors have led to a number of applications in molecular photovoltaics when coupled with electron donors such as porphyrins. 4 C 60 is known from scanning tunneling microscopy, among other techniques, to be strongly bound to gold surfaces, 5 indicating chemisorption and therefore the possibility of charge transfer from the surface to the molecule. Indeed, in this paper C 60 monolayers were produced by annealing a thick film of C 60 to desorb the physisorbed multilayer and leave the more strongly bound monolayer chemisorbed to the surface. In this case of ionic bonding to the surface we might expect the fullerene lowest unoccupied molecular orbital ͑LUMO͒ to be partially filled by electrons from the surface. This has been shown to be the case for a C 60 monolayer on Au͑111͒, where a weak feature around 0.1 eV below the Fermi level in angle resolved valence band photoemission of this surface was proposed to be the result of an estimated 0.8 electrons transferred to the fullerene cage. 6 The weak LUMO-derived peak was not observed in earlier angle integrated valence band studies, although strong evidence of the formation of a chemisorption bond to the surface by modification of the occupied fullerene orbitals certainly was. 7 In this paper we look at charge transfer in both directions: from lowest unoccupied molecular orbitals into the conduction band of the gold substrate, and from states near the Fermi level of the surface into the molecule. The former can be probed using the core-hole clock 8 implementation of resonant photoemission ͑RPES͒ which has, in earlier work, led to the quantification of charge-transfer dynamics from adsorbed molecules to both semiconductor 9, 10 and metal surfaces. 11, 12 In the case of metallic surfaces, where there is the possibility for the core-excited LUMO to lie below the Fermi edge of the substrate, our previous RPES data have shown possible evidence for ultrafast back donation into a small chemisorbed aromatic molecule ͑bi-isonicotinic acid͒ on the timescale of the core-hole lifetime. 11, 12 The spectral features associated with this process are constant kinetic energy Auger-like electrons. Their energies are shifted higher than that normally accessible by the molecule with its usual complement of electrons, by an amount corresponding to the difference between the highest occupied molecular orbital and the lowest unoccupied molecular orbital ͑HOMO-LUMO͒. Here, we describe the results obtained for C 60 adsorbed on the Au͑111͒ surface that show unambiguously that this process involves the charge transfer of electrons from the surface into the LUMO of the molecule, contributing new core-hole decay channels. However, the question concerning this and previous work still remains: does this happen in ground state or the core-hole excited state?
II. METHOD
Experiments were carried out at beamline I311 of the Swedish synchrotron facility MAX-laboratory in Lund. The beamline has a photon energy range of 30-1500 eV and is equipped with a Scienta SES200 hemispherical electron analyzer. 13 The radiation has a high degree of elliptical polarization and may be considered as linearly polarized for the purposes of this study. The base pressure, in the analysis chamber, was in the mid-10 −11 mbar range and, in the preparation chamber, it was in the low 10 −10 mbar range. The substrate was a single crystal of dimensions 10 mm diameterϫ 2.5 mm. It was mounted on a loop of tungsten wire ͑0.5 mm͒ that passed tightly through the body of the crystal, ensuring that a good electrical and thermal contact. A thermocouple was attached within the body of the crystal in order to accurately monitor the temperature. The crystal was cleaned along the lines of Barth et al. 14 by cycles of sputtering using 1 kV Ar ions and then annealing at 900 K by passing a current through the tungsten wire mount. Surface contamination was checked by monitoring the C 1s core-level photoemission peak.
C 60 was evaporated from a Knudsen cell type evaporator at a temperature of ϳ425°C onto the sample held at room temperature sample and a distance of ϳ20 cm. A multilayer of C 60 was produced by depositing for sufficient time so as to suppress the substrate Au 4f photoemission signal and to produce the characteristic symmetric lineshape and shake-up features in the C 1s spectrum. 15 To obtain a monolayer coverage, the sample was then annealed to 300°C to desorb the physisorbed multilayer so as to leave the chemisorbed monolayer. Again, the monolayer coverage was checked by monitoring the C 1s and Au 4f core-level peaks and the emergence of the characteristic asymmetric lineshape of the C 1s peak, 15 and the C 1s :Au 4f peak ratio. The monochromator exit slits of the beamline were set to give a resolution of ϳ50 meV for photons of energy h = 340 eV. The photon energy was calibrated from the separation between the Au 4f peaks measured with first and second order radiation. For measuring x-ray absorption and resonant photoemission spectra, a taper ͑+4 mm͒ was applied to the undulator to reduce the intensity variation of the radiation as the photon energy was scanned. For x-ray absorption spectroscopy ͑XAS͒ and RPES measurements, the analyzer pass energy and entrance slits were set to give an analyzer resolution of ϳ500 meV with respect to binding energy. The analyzer was also set to record spectra in fixed mode for these measurements to give the best compromise between energy resolution and the large number of counts required for two-dimensional resonant spectra. For core-level spectra, the analyzer was set to record in swept mode.
III. RESULTS AND DISCUSSION
The valence band photoemission spectrum for a C 60 multilayer adsorbed on the Au͑111͒ surface is presented in Fig. 1 . The HOMO, HOMO-1, and HOMO-2 peaks are located at 1.45, 2.75, and 4.75 eV, respectively, leading to relative energy positions of 0, 1.3, and 3.3 eV.
Two-dimensional resonant photoemission data sets were measured for the clean Au͑111͒ surface, a multilayer of C 60 and a C 60 monolayer. The monolayer and multilayer data sets are shown in Fig. 2 and were obtained by measuring the valence band photoemission up to 16 eV binding energy for a range of photon energies covering the C 1s absorption edge in 0.1 eV steps. The clean surface spectrum ͑not shown͒ exhibits simply an intense band due simply to the direct valence band photoemission of the clean Au͑111͒, as we would expect.
The multilayer spectrum, shown in Fig. 2͑a͒ , presents a number of features associated with the resonant photoemission of the molecules isolated from the surface in a thick film. The binding energy scale of the multilayer spectrum was calibrated to Fermi level of the substrate via the second order C 1s peak ͑visible in the top left hand corner of the image͒ to take account of steady state charging in the thick film. When the photon energy reaches the LUMO resonance ͑and then again at the energies of the LUMO+ 1 and LUMO+ 2 resonances͒, there is a strong resonant enhancement of the HOMO at 1.5 eV and the HOMO-1 at 2.8 eV. This is known as participator decay, arising from the originally excited electron ͑in this case to the LUMO͒ being involved in the nonradiative decay of the C 1s core-hole, leading to a final state identical to that of direct photoemission. 8 This is entirely expected in the case of the multilayer because electrons excited to the LUMOs in molecules which are isolated from the surface cannot tunnel away into the substrate conduction band on the timescale of the core-hole lifetime ͑a few femtoseconds͒ but can instead participate in an Auger-like core-hole decay process.
Since the participator final state ͓referred to as P LUMO in Fig. 3͑b͔͒ is identical to that of direct photoemission of the valence orbital involved, these electrons exhibit a constant binding energy with increasing photon energy and appear as enhancements of the relevant occupied states at those photon energies corresponding to excitation to the various LUMO states. In addition to these participator electrons, there are features that track with constant kinetic energy which arise from spectator decay of the core-hole. In this case, the originally excited electron is not involved in the decay process, but merely spectates as an otherwise normal Auger process occurs, inducing little more than a small and upward spectator energy shift due to its presence in the unoccupied state in question. Spectator electrons, along with normal Auger electrons, account for the high intensity region observed in the RPES spectra on the right hand side-slowly drifting out of the energy window due to their constant kinetic energy. By a consideration of the electronic levels involved, as outlined in Fig. 3 , it becomes clear that the highest kinetic energy Auger-like electrons that can be emitted-in the absence of charge transfer-will occur via a process in which two electrons from the HOMO are involved in the decay, spectated by an electron in a previously unoccupied molecular orbital. This is the autoionization decay process referred to as S LUMO in Fig. 3͑c͒ . The minimum possible energy separation between participator and spectator electrons will occur at the LUMO absorption photon energy and will be equal to the HOMO-LUMO binding energy separation of the molecule.
Turning to the RPES spectrum for the C 60 monolayer shown in Fig. 2͑b͒ , we now observe three new low binding energy ͑high kinetic energy͒ features as diagonal bands to the low binding energy side of the spectator and Auger electrons. These are absent from both the clean surface spectrum ͑not shown͒ and the multilayer spectrum ͓Fig. 2͑a͔͒. These three features track with constant kinetic energy and must, therefore, arise from a new Auger-like decay channel available only to those molecules directly coupled to the metal surface. The kinetic energies of the three lines are calculated as 282.3, 281.0, and 278.8 eV, respectively ͑Ϯ0.2 eV͒, leading to relative energy positions of the three Auger lines of 0, 1.3, and 3.5 eV. The spacings and profile of the constant kinetic energy ͑KE͒ features closely match those of the peaks at the top of the valence band spectrum, as shown for the C 60 multilayer in Fig. 1 .
As a consequence, it is reasonable to assume that the origin of the three constant kinetic energy features lies in an Auger-like core-hole decay process involving the HOMO, HOMO-1, and HOMO-2 of the fullerene molecule. Furthermore, it is clear that the resulting decay process must involve an interaction with the gold substrate since these features are absent from the multilayer or the clean Au͑111͒ spectra. In most cases we might expect the transition probability and therefore the intensity of the resulting Auger-like features to get weaker going from HOMO to HOMO-1 and HOMO-2 due to the diminishing spatial overlap with the LUMO. Here, however, the effect is suppressed due to the LUMO and HOMO levels being largely delocalized over the whole C 60 cage. 16 If we focus our discussion-for the moment-on the highest kinetic energy feature, assigned to a core-hole decay channel involving an electron from the HOMO, we see that the kinetic energy is too high for it to be a simple spectator process. Indeed, if we extrapolate the path of this feature back to the LUMO absorption energy, we find that it intersects with the binding energy of the HOMO itself. So, when the originally excited electron is excited to the LUMO, the resulting final state of the decay process is one that is indistinguishable from direct photoemission of the HOMO, and therefore from a participator decay process involving an electron from the HOMO. As illustrated schematically in Fig. 3 , this can only occur if an additional electron is transferred from the gold substrate into the LUMO prior to the core-hole decay process. The process referred to in Fig. 3͑e͒ as S LUMO + CT is a spectator decay channel involving an FIG. 2. Resonant photoemission spectra for ͑a͒ a multilayer of C 60 and ͑b͒ a monolayer of C 60 . The horizontal axis represents the binding energy and the vertical axis is the photon energy. The monolayer spectrum was calibrated to the Fermi level of the underlying substrate and the multilayer spectrum was calibrated to the monolayer using the second order C 1s peak visible in the top right hand corner to take account of steady state charging in the thick film.
electron from the HOMO ͓or HOMO-1, HOMO-2 for the other two bands in Fig. 2͑b͔͒ and a charge-transfer process into the LUMO from states near the Fermi level of the Au͑111͒ substrate. This results in a final state which is identical to direct photoemission of the adsorbed molecule following a charge-transfer event ͑from the surface to the molecule͒. It is easier to understand this process when we consider that it is always the electron transferred from the surface into the LUMO that is emitted in the Auger process that gives rise to the diagonal features in Fig. 2 even when the initial core-excitation is to the LUMO+ 1, LUMO+ 2, etc. As such, we will use the term superspectator to refer to all such processes involving an electron transferred from the substrate, and to distinguish them from normal spectator decay.
In the case of probing charge transfer from an adsorbed molecule to the conduction band of the surface to which it is bound, monitoring the participator channel can actually elucidate the dynamics of that process. [8] [9] [10] When examining charge transfer in the other direction, however, the presence of a superspectator decay channel does not, on its own, tell us anything about when the electron was transferred to the molecule. Charge transfer between the molecule and the substrate in either direction depends on the energetics of the lowest unoccupied molecular orbitals with respect to the substrate density of states. If the LUMO lies beneath the Fermi level of the gold surface then charge transfer is possible. In the core-excited state, the presence of the core-hole can lead to the LUMO state being excitonically pulled down so that it crosses the Fermi level of the gold surface. 17 We can measure the position of the core-excited LUMO with respect to the Fermi level by placing the calibrated C 1s XAS and valence band photoemission for the C 60 monolayer on a common binding energy scale, 18 as in Fig. 4 . The data show the LUMO of the molecule to lie mostly below the Fermi level of the Au͑111͒ surface. This would theoretically allow the transfer of electrons from the valence band of the metal to the majority of the vibrational states of the LUMO that now lie below the Fermi level. A similar energy alignment was found for bi-isonicotinic acid on Au͑111͒ in which a charge-transfer spectator process was first detected. 11 While we can directly measure the energy alignment of the LUMO in the core-excited state with respect to the substrate, as shown in Fig. 4 , x-ray absorption cannot tell us where the LUMO is located in the ground state. But there are timescale consequences to this question. If the LUMO lies partially below the Fermi edge already in the ground state, then charge transfer could occur from the surface at any time. However, if the LUMO lies below the Fermi edge only in the core-excited state, then the charge transfer of electrons from the surface to the C 60 molecule must occur during the core-hole lifetime in order for it to be involved in the corehole decay process. This would place the charge-transfer dynamics on the low femtosecond timescale. The key consideration in addressing this question is the extent to which the core-hole pulls down the LUMO in the core-excited state 17 compared to the ground state.
A. Charge transfer in the core-excited state: To and from the molecule
While the superspectator lines are evidence for the presence of charge transfer in the reverse direction ͑from the surface into the molecule͒, we can actually get a measure of the charge transfer dynamics in the forward direction ͑from the molecule to the surface͒ from the participator channel in the RPES spectrum as mentioned above. In Fig. 2 participator peaks are observed for both the multilayer and monolayer, appearing as resonant enhancements of the HOMO, HOMO-1, and HOMO-2 peaks at the absorption energies corresponding to excitation to the LUMO, LUMO+ 1, and LUMO+ 2. An integration of the intensity over the HOMO peak as a function of photon energy is shown for both the multilayer and monolayer in Fig. 5 , and compared to the associated x-ray absorption spectrum ͑normalized to the intensity of the LUMO͒ in both cases.
A large proportion of participator electrons are expected in the case of the multilayer as the molecules are effectively isolated from the substrate so that no charge transfer can take place. Electrons excited to the LUMOs therefore remain on the molecule long enough to participate in the core-hole decay, leading to a final state identical to direct photoemission of the HOMO state involved ͓Fig. 3͑b͔͒. In fact, the multilayer is taken as the benchmark in the core-hole clock analysis to determine the anticipated participator intensity for each LUMO state in the absence of charge transfer. [8] [9] [10] In the case of the C 60 monolayer on Au͑111͒, an exact quantitative analysis is not possible since the RPES and XAS need to be normalized to the intensity of the LUMO. Because the LUMO of C 60 in the core-excited state lies, in part, both above and below the Fermi level of the substrate, the possibility of charge transfer into and out of this state renders the normalization quantitatively unreliable. However, qualitatively there is clearly a very strong participator intensity for the LUMO+ 1 and +2, indicating a very slow rate of charge transfer ͑far outside the timescale of the core-hole lifetime͒ from those states, despite overlapping energetically with the substrate conduction band.
In a general sense, it need not automatically follow that slow charge transfer in the forward direction implies a similarly slow charge transfer in the reverse direction. However, charge transfer requires two conditions to be met: there must be energetic overlap so that filled state in the molecule overlaps with empty states in the substrate, and there should be sufficient chemical coupling between to provide a charge transfer pathway. The first condition is met for the LUMO + 1 and +2 of C 60 on Au͑111͒, as shown in Fig. 4 , thus the strong participator channel in this case suggests insufficient coupling to the substrate to facilitate charge transfer on a timescale comparable to core-hole lifetime. Added to this, we have the fact that charge transfer from a surface to an adsorbed molecule should in principle be an altogether slower process than the other way around. If we consider an electron passing from molecular states to Au states, this electron will delocalize, existing in a mixed state where it will coherently sample all coupled states. The enormous number of conduction band states reduces the likelihood of the electron returning to the molecular state. Coherence with the initial state is lost on a timescale of the order of 10 fs through electron relaxation processes 19, 20 so the continuum of states is sufficient to localize the electron in the substrate. In contrast if we consider an electron tunneling from a continuum of states into a discrete molecular state, charge localization on the molecule should require the breaking of the energy level alignment by nuclear degrees of freedom. The time this takes is of order 100 fs for most molecular species. 19, 20 These conditions may be relaxed to some extent for C 60 and there is evidence from RPES and x-ray emission spectroscopy for ultrafast vibronic coupling in C 60 on the timescale of the core-hole decay. 21 However, the absence of charge transfer on the low femtosecond timescale in the forward direction should be a strong indicator that a similar timescale cannot be achieved in the reverse direction.
B. Charge transfer in the ground state: To the molecule
A consideration of charge transfer in the core-excited state suggests that the electrons responsible for the superspectator decay channels in C 60 / Au͑111͒ are more likely to be transferred from states near the Fermi level of the surface into the LUMO of the molecule already in the ground state. For this to occur, the LUMO would need to lie partially below the Fermi level before the core-excitation. In Fig. 4 the peak of the LUMO state lies just 0.1 eV below the Fermi level in the core-excited state. In order for the LUMO to lie below the Fermi level in the ground state the effect of the C 1s core-exciton on the position of the LUMO in the XAS must be negligible.
For solid C 60 , the difference between the energy of the LUMO in the core-excited state and the ground state, determined using valence photoemission and inverse photoemission, respectively, is around 1.8 eV. 17 This shift is dominated by the Coulomb interaction, estimated to be around 1.5 eV. 8 A similar shift adsorbed C 60 would place the ground state LUMO around 1.75 eV above the Fermi level of the Au͑111͒ surface, and no surface-to-molecule charge transfer would be possible. However, the screening effect of the metallic surface and the pinning of the LUMO to the Fermi level by virtue of the formation of an ionic bond to the surface might negate the excitonic shift such that the XAS spectrum measured for the monolayer more closely matches the true ground state picture. Low temperature scanning tunneling spectroscopy ͑STS͒ and density functional theory calculations have recently shown the ground state LUMO of C 60 adsorbed on the Au͑111͒ surface to sit just 0.5 eV above the Fermi level and to be a relatively broad resonance due to symmetry breaking and the lifting of the LUMO's threefold degeneracy. 22 A consideration of the energy gain afforded by the image potential, due to the highly polarizable metal surface, and the distortion of the adsorbed fullerene molecule has also previously been shown to drastically reduce the HOMO-LUMO gap and therefore feasibly allow the overlap of at least a small portion of the LUMO with the Fermi level of the gold surface in the ground state. 7 It is therefore theoretically possible for charge to be transferred from the gold surface to C 60 , and thus the formation of an ionic chemisorption bond. The partial occupation of the LUMO in the ground state though should, in principle, be measurable in valence band photoemission. The valence band spectrum ͑hv =60 eV͒ for the C 60 monolayer on the Au͑111͒ surface, shown in Fig. 4 , is insufficient to demonstrate this. However, high-resolution angle resolved valence band photoemission measured at lower photon energies has indeed detected a LUMO-derived peak at a binding energy of 0.1 eV below the Fermi level of the substrate for an annealed monolayer of C 60 on the Au͑111͒ surface. 6 This peak arises from electrons transferred to those vibrational states within the LUMO that lie just below the Fermi level of the surface, while the LUMO itself may be centered 0.5 eV above the Fermi level, as shown by STS. 22 From the photoemission LUMO-derived intensity, the amount of charge transferred from the surface to the molecules was estimated at around 0.8e per C 60 molecule. This supported the earlier surface-enhanced Raman experiments that suggest that the bonding interaction between gold and C 60 is largely ionic in nature, albeit less so than on other noble metal surfaces. 23 The lower amount of charge transferred to gold than to other metal surfaces may be due to an interface dipole layer caused by the gold's asymmetric 6 sp-band orbitals at the gold-vacuum interface. So the HOMO and HOMO-1 orbitals will be shifted slightly higher in energy ͑ϳ0.2 eV͒. 24 This would cause a reduction in the energy gain due to the image potential, although not large enough to prevent charge transfer from the surface.
IV. CONCLUSIONS
Our resonant photoemission measurements of a C 60 monolayer on the Au͑111͒ surface show three distinctive constant kinetic energy features. Their absence from multilayers of C 60 and from the clean gold surface shows that the features are due directly to the interaction between the molecule and the substrate. The kinetic energies of these features closely match the separation of the three highest occupied molecular orbitals of C 60 , indicative of a core-hole decay channel involving electrons from these three orbitals. However, the kinetic energy is higher than can be achieved by the molecule with its ground state complement of electrons, requiring an additional electron to be transferred from states near the Fermi level of the Au͑111͒ substrate into the LUMO, which can then take part in the autoionization corehole decay process. Moreover, the highest kinetic energy feature of the three tracks back to the binding energy of the HOMO at the LUMO position, and hence results in a final state indistinguishable from both direct photoemission of the charge-transferred molecule HOMO and participator decay in resonant photoemission. The additional electron is most likely transferred from the substrate in the ground state rather than within the core-hole lifetime in the core-excited state. This assertion is based on the observation of very slow charge transfer in the forward direction from the molecule into the conduction band of the substrate, certainly outside the core-hole lifetime. This agrees with evidence from angle resolved photoemission in which LUMO-derived intensity was found just below the Fermi level arising from electrons transferred to those vibrational states in the low energy tail of the LUMO, which has been shown previously by STS to lie 0.5 eV above the Fermi level. 22 Our x-ray absorption data place the core-excited LUMO at 0.1 eV below the Fermi level, which would suggest core-excitonic shift of just 0.6 eV to lower binding energy, further suggesting that such effects do not play such a significant role where the molecule is chemisorbed to a metallic surface in a bonding mechanism largely characterized by charge transfer. We are currently exploring this through a similar study of small aromatic molecules on the Au͑111͒ surface. Since the intensity of the superspectator features in the RPES spectra of the monolayer should be directly related to the amount of charge transferred to the molecule from the surface, the next step in this investigation will be to study C 60 monolayers on the Cu͑111͒ surface, where the amount of charge transferred to the fullerene molecules has been estimated from photoemission to be 1.6e. 6 
